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ABSTRACT
The Fornax dwarf spheroidal galaxy is the most massive satellites of the Milky Way,
claimed to be embedded in a huge dark matter halo, and the only among the Milky
Way satellites hosting five globular clusters. Interestingly, their estimated masses, ages
and positions seem hardly compatible with the presence of a significant dark matter
component, as expected in the Λ CDM scheme. Indeed, if Fornax would have a CDM
halo with a standard density profile, all its globular clusters should have sunk to the
galactic centre many Gyr ago due to dynamical friction. Due to this, some authors
proposed that the most massive clusters may have formed out of Fornax and later
tidally captured. In this paper we investigate the past evolution of the Fornax GC
system by using both a recently developed, semi-analytical treatment of dynamical
friction and direct N -body simulations of the orbital evolution of the globular clusters
within Fornax and of Fornax galaxy around the Milky Way. Our results suggest that
an “in-situ” origin for all the clusters is likely if their observed positions are close
to their spatial ones and their orbits are almost circular. Moreover, the Milky Way
seems to accelerate the GC decay reducing the decay time of 15%. Nevertheless, our
results indicate that the GCs survival probability exceeds 50%, even in the case of
cuspy density profiles. We conclude that more detailed data are required to shed light
on the Fornax dark matter content, to distinguish between a cuspy or a cored profile.
Key words: galaxies: individual (Fornax), galaxies: nuclei, galaxies: star clusters;
methods: numerical.
1 INTRODUCTION
The Fornax galaxy is the brightest dwarf spheroidal galaxy
(dSph) satellite of the Milky Way (MW) and is, among all
of the MW satellites, the only one that hosts five globular
clusters, located within 1 kpc from its center, named Fornax
1,2,3,4 and 5. Moreover, Fornax does not show any bright
nucleus.
As the other MW satellites, Fornax is believed to reside
within a dark matter halo, since its internal velocities are
larger than expected from the measurement of the luminous
mass (Mateo 1998).
The presence of these five, metal poor and old, clus-
ters in Fornax, with ages greater than 10 Gyr (Larsen et al.
2012), represents a still open puzzle because the dynamical
friction process (df) as estimated according to the overall
galaxy characteristics should have already dragged all the
clusters toward the galactic center. Actually, early calcula-
tions of the dynamical friction decay time for Fornax lead
to few Gyr (Tremaine 1976; Oh et al. 2000) . This is often
⋆ E-mail: m.arcasedda@gmail.com
referred to as the “timing problem”, which can be posed
this way: if the clusters are in the final phase of their orbital
decay we are in the unlikely state of looking at them just
before their final sink to the galactic center.
To study, and hopefully solve, the Fornax puzzle the
minimal ingredients are (i) a reliable description of the dy-
namical friction process in this specific context and (ii) a
detailed as possible definition of the phase space profile of
the galaxy.
With regard to the first point, we remind that the
dynamical friction effect is often estimated by mean of
the classical Chandrasekhar’s formula in its local approx-
imation (Chandrasekhar 1943), which is well suited to de-
scribe the dynamics of massive bodies traveling an extended,
isotropic, system, only. It has been indeed proved that Chan-
drasekhar’s approximation fails in more general cases, where
more suited approximations have been proposed, as those by
Binney (1977) and Pesce et al. (1992) for axisymmetric and
triaxial systems, or by Antonini & Merritt (2012) and Arca-
Sedda & Capuzzo-Dolcetta (2014a) for spherical, but cuspy,
profiles.
On another side, to have a meaningful description of the
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motion of its clusters, a detailed knowledge of the dynamical
structure of Fornax is also required. At this regard, although
this galaxy (like all the dSphs) is believed to have a massive
dark matter halo (DMH), as expected on the base of the Λ-
CDM paradigm, the density profile compatible with avail-
able kinematical data for Fornax does not seem to match
the DMH profiles predicted from that paradigm (Walker
et al. 2009). Indeed, while CDM predicts the formation of
haloes with density profiles scaling as ρ(r) ∝ r−1 (Navarro
et al. 1996), the kinematic data available for the Fornax clus-
ters suggest flatter density profiles (Flores & Primack 1994;
Moore 1994; Gilmore et al. 2007; Cowsik et al. 2009; Jardel
& Gebhardt 2012).
Many authors provided several explanations for the
structure of Fornax and its GCs dynamics. As example,
while some authors claim that the galaxy has a flat profile,
with a core extended out to 300 pc from the center (Strigari
et al. 2006), others propose that supernovae events could
have injected sufficient energy to the environment to remove
the DM cusp, leaving a cored profile (Pontzen & Governato
2012). Moreover, due to the recent discovery of shell-like
overdensities in that galaxy, some authors have proposed
that Fornax is the result of a collision with a smaller galaxy
(Olszewski et al. 2006; Coleman et al. 2004; Yozin & Bekki
2012).
On another side, Angus & Diaferio (2009), argued that
Modified Newtonian Dynamics (MOND, (Milgrom 1983)),
can explain the observed dynamical features of the Fornax
GCs.
Goerdt et al. (2006) and Read et al. (2006) showed, via
numerical simulations, that in cored profiles a massive body
would experience an initial phase in which df is larger than
that evaluated with the local approximation formula, going
to a second phase in which the test particle stalls. Further-
more, Cole et al. (2012) showed that the timing problem
could be solved either by df stall in a cored profile or by the
hypothesis that the clusters have formed out of Fornax. The
first possibility stands upon the discovery that df becomes
unefficient when the infalling object moves on an orbit which
encloses a mass nearly equal to the object mass (Gualandris
& Merritt 2008; Arca-Sedda & Capuzzo-Dolcetta 2014a). In
this case, the objects reach a nearly stable orbit, never ap-
proaching the innermost region of the host galaxy. The sec-
ond possibility, instead, requires that the GCs have formed
in a peripheral region of the MW, and that they have been
later tidally captured by Fornax.
We stress that the study of the Fornax GC system would
help to unveil the mistery hidden in the dynamics of dwarf
galaxies, since a convincing explanation of the timing prob-
lem would lead to an improvement in the knowledge of the
structure of dwarf galaxies, including its dark matter con-
tent.
In this paper we investigate by mean of high resolu-
tion, direct, N-body simulations, the effect of the combined
tidal field of the host Fornax galaxy and of the MW on the
dynamics of the Fornax clusters.
By mean of realistic estimates of the df decay times,
we could provide a set of possible initial conditions to use
in the direct N-body simulations. Later on, using reliable
models for the Fornax dSph and considering either the case
of a cored and a cuspy density profile, we simulated the
Table 1.
Main parameters of the Milky Way profile
M a b
(1010 M⊙) (kpc) (kpc)
bulge 1.4 0.39 -
disk 8.6 5.32 0.25
halo 11 12 100
Mass and length parameters of the adopted MW model (see
Equations 1-4).
dynamics of the Fornax GCs, along the motion of Fornax
around the Milky Way host.
The paper is organized as follows: in Section 2 we
present the models for the Galactic tidal field as well as
the known properties of the Fornax orbit and the model for
the Fornax galaxy and its globular cluster system. Section
3.1 introduces semi-analytical estimates for the dynamical
friction timescales, to place constraints on the cluster initial
conditions to use in N-body simulations. Section 3.2 is de-
voted to present and discuss results of our direct N-body
simulations; finally, in Section 4 we draw the conclusions.
2 MODELING THE MILKY WAY, FORNAX
AND ITS GLOBULAR CLUSTER SYSTEM
In this Section we describe our representation of the gravita-
tional field of the Milky Way, where the Fornax dSph moves,
and of the density profile to model Fornax as well as the data
available for the five Fornax clusters.
2.1 The Galaxy field and the Fornax orbit
According to Allen & Santillan (1991), the gravitational po-
tential generated by the Galaxy is given by the sum of three
components: a bulge assumed as a Plummer (1911) sphere:
Φb(r) = −
GMb√
r2 + a2b
, (1)
a disk represented by a Miyamoto & Nagai (1975) law:
Φd(x, y, z) = −
GMd√
x2 + y2 +
(
a2d +
√
z2 + b2d
)2 , (2)
and a halo described by:
Φh(r) = −
GMh(r/ah)
1.02
(1 + (r/ah)1.02)
−
GMh
1.02ah
[F (r)− F (bh))] , (3)
where F (r) is defined as:
F (r) = −
1.02
1 + (r/ah)1.02
+ ln
[
1 + (r/ah)
1.02] . (4)
In Equations 1-4, ab, ad, bd, ah, and bh are scale lengths,
while Mb, Md and Mh are masses, all listed in Table 1.
To follow the orbital evolution of Fornax around the
MW, we searched for those initial conditions (ICs) that best
reproduce its present position and velocity. In particular, we
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found that, to reproduce the observational data provided by
Dinescu et al. (2004), a suitable set of ICs for Fornax is given
by the following position and velocity vectors, expressed in
galactocentric coordinates:
~R0(kpc) = (0, 66, 220), (5)
~V0(km s
−1) = (−206, 0, 193). (6)
This choice of ICs leads, after ∼ 14 Gyr, to a position
of Fornax which is compatible with its presently observed
distance to the MW center, ∼ 138 ± 19 kpc, which likely
corresponds to its orbital pericenter (Buonanno et al. 1999).
The Fornax orbital parameters are summarized in Table 2.
Another important parameter to set to model Fornax is
its tidal radius, rt, which represents the radius above which
stars are stripped by the action of the Galaxy tidal field. An
approximation for the Fornax rt along its orbit is given by:
rt =
(
GMF
ω2 + (d2ΦMW/dr2)Rp
)1/3
, (7)
where MF is the Fornax mass, ω its angular velocity
and Rp the Fornax pericenter distance. Since in this case
rt is a decreasing function of the distance, we evaluated it
at the Fornax pericentre, in which it assumes its minimum
value. This choice avoids possible spurious effects of mass
loss by the Fornax during its revolution around the MW.
The available data for Fornax lead to rt ≃ 5 kpc.
2.2 The Fornax model
As we said in the Introduction, the available knowledge of
the internal Fornax kinematics is compatible with either a
cored or a cuspy density profile; to cover these different pos-
sibilities, we chose four different models. These models are
based on observed estimates of Fornax mass provided by
Walker et al. (2009), Wolf et al. (2010), Walker & Pen˜arrubia
(2011) and Cole et al. (2012).
To model the Fornax mass density, we adopted the so-
called Tremaine profile (Zhao 1996):
ρ(r) = ρF
(
r
rF
)−γ [(
r
rF
)α
+ 1
](γ−β)/α
, (8)
where ρF and rF are, respectively, a characteristic den-
sity and length scale for Fornax.
We selected four different combinations of (α, β, γ) as
listed in Table 2, referring to them as D0, D05, D1 and NFW.
In particular, we call D0 a “cored” model, D05 a “shallow
cusp” model (with a slope of the inner density profile, γ,
equal to−1/2), D1 a “steep cusp” model (a Hernquist (1990)
sphere), while NFW refers to the well known Navarro, Frenk
and White model (Navarro et al. 1996).
With the parameters listed in Table 2, we obtained
models whose agreement with observed data is shown in
Fig. 1.
2.3 The Fornax globular cluster system
Fornax globular clusters are metal poor systems with ages
exceeding 10 Gyr and masses above 3.7×104 M⊙ (Buonanno
et al. 1998).
Table 2.
Parameters of the Fornax models
model α β γ MF rF Rp Ra eF
(108 M⊙) (kpc) (kpc) (kpc)
D0 1 4 0 1.48 0.245 230 138 0.25
D05 1 4 0.5 1.48 0.301 230 138 0.25
D1 1 4 1 1.48 0.391 230 138 0.25
NFW 1 3 1 4.84 0.200 230 138 0.25
Column 1: model name. Column 2-4: α, β and γ parameters.
Column 5: total mass of the model. Column 6: length scale of the
model
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Figure 1. Cumulative mass profile of our models compared with
observations (dots with error bars). Data refer to Walker et al.
(2009), Wolf et al. (2010), Walker & Pen˜arrubia (2011) and Cole
et al. (2012).
These data represent the main reason for the “timing”
problem: in fact, dynamical friction should act efficiently
within few Gyr on these clusters, and thus it is unlikely that
they are all still on orbit after a Hubble time.
In this paper we study the orbital evolution of the five
Fornax clusters looking for ranges of initial conditions that
could explain why they escaped a full orbital decay by now.
In Table 3 the main observables available for the Fornax GC,
labeled as GC1-GC5, are listed.
Table 3.
Data for the Fornax GCs
name MGC RGC vGC τ
(105M⊙) (kpc) (kms
−1) (Gyr)
GC1 0.37 1.60 − 14.6± 1.0
GC2 1.82 1.05 −1.2± 4.6 14.6± 1.0
GC3 3.63 0.43 7.1± 3.9 14.6± 1.0
GC4 1.32 0.24 5.9± 3.4 11.6± 1.0
GC5 1.78 1.43 8.7± 3.6 14.6± 1.0
Column 1: cluster name. Column 2: mass of the cluster. Column
3: projected distance of the clusters from the Fornax center. Col-
umn 4: line-of-sight velocity of the clusters. Column 5: cluster age
(Buonanno et al. 1998).
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Table 4.
Limiting radius for the clusters
cluster rl,D0 rl,D05 rl,D1 rl,NFW
GC1 0.6 0.8 1.1 0.8
GC2 1.2 1.4 1.8 1.5
GC3 1.5 1.8 2.4 1.9
GC4 1.1 1.3 1.6 1.3
GC5 1.2 1.4 1.8 1.5
Column 1: cluster name. Column 2-5: limiting radii, rl in kpc,
evaluated with equation 12, for all the clusters and all the models
considered.
3 RESULTS
3.1 Modeling the dynamical friction process
To describe in a proper way the dynamical evolution of the
clusters, aiming to determine initial conditions compatible
with the present observations, a careful treatment of the df
process is needed. At this regard, Arca-Sedda & Capuzzo-
Dolcetta (2014a) provided an interpolation formula for the
df time in the case of an elliptical, cuspy, galaxy, recently
improved by Arca-Sedda et al. (2015):
τdf(Myr) = τ0g(e, γ)
(
MGC
MF
)−0.67 (
rGC
rF
)1.76
, (9)
where MGC is the cluster mass, rGC the radial position
of the cluster within Fornax and τ0 is given by:
τ0(Myr) = 0.3
(
rF
1kpc
)3/2(
1011M⊙
MF
)1/2
. (10)
The function g(e, γ) in equation 9 is a good fit of nu-
merical results in Arca-Sedda et al. (2015), given by:
g(e, γ) = (2− γ)
[
a1
(
1
(2− γ)a2
+ a3
)
(1− e) + e
]
, (11)
with a1 = 2.63±0.17, a2 = 2.26±0.08 and a3 = 0.9±0.1.
The inversion of equation 9 allows the determination of
the limiting radius, rl, above which the dynamical friction
decay time τdf exceeds the cluster age τ :
rl = rF
(
MGC
MF
)0.38 (
τ
τ0g(e, γ)
)0.57
. (12)
In Table 4 we list, in the case of circular orbits, the
values of rl for the 5 Fornax clusters in the various models
considered. In any case, radial orbits have rl greater than rt
for all the clusters but GC1.
Fig. 2 shows the limiting radius for both circular and
radial orbits in the case of the lightest cluster, GC1.
The limiting radius identifies the region beyond which
the decay time is longer than the GC age. Models with a
shallower density profile correspond to smaller values of rl.
Of course, nearly circular orbits have smaller rl than nearly
radial. Looking at Fig. 2, we can note that:
• in the assumption of model D0 and D05, GC1 should
have formed beyond ∼ 0.5 kpc from the Fornax center if it
0.5
1.5
2.5
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0.5
1.5
2.5
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 0.5  1.5  2.5
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Figure 2. For each Fornax model considered (as labeled), shaded
regions defined the radial limitation for initial positions of cluster
GC1 for which τdf is smaller than its age. The red region refers
to circular orbits, while the green one refers to radial orbits; the
blue line represents the Fornax tidal radius.
were on a nearly circular orbit, while its origin site should
be located at around ∼ 2 kpc if it moves on much more
eccentric (almost radial) orbit;
• if Fornax has a steep density profile, as expected from
the standard CDM model, the GC1 orbit could not be radi-
ally pointed, because its decay time would be short enough
to exclude it has formed within Fornax.
To quantify the probability that the initial position of a
Fornax cluster was r0 > rl, we sampled randomly 10
5 sets of
ICs for each cluster and each model, computing the fraction
of ICs that guarantees the orbit survival over a time equal
to the cluster age.
The quantities to sample are the GC initial distance
to the Fornax center, (rGC) in the interval between 0 and
the Fornax tidal radius, rt, and the GC orbital eccentricity,
0 6 e 6 1. This random sampling allows the selection of sur-
vivors by a comparison of the evaluated dynamical friction
time (equation 9) and the GC age.
The GC survival probabilities evaluated this way are
listed in Table 5.
It is evident that passing from a cored to a cuspy density
profile the survival probability of each cluster significantly
decreases. In particular, our estimates indicate as highly un-
likely that Fornax has a steep cusp, since in this case cluster
GC3 should have sunk to the host center with a 99.9% prob-
ability.
On the other hand, the Fornax crossing time is ∼ 15
Myr, given roughly by
Tcr(Myr) = 1.49
√
r3F
kpc3
1011M⊙
MF
. (13)
Therefore, if GCs move on initially nearly radial orbits they
have hade sufficient time to pass close to the Fornax nucleus
thousand of times. This would have caused a significant tidal
distortion, which does not appear from observations. This
would suggest that more circular orbits are favorite for the
Fornax GCs. Due to this, in the next section we will focus
on such orbits, running a series of 40 direct N-body simu-
lations of the GCs motion inside Fornax, including also the
gravitational field of the MW as an external field.
c© 2015 RAS, MNRAS 000, 1–??
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Table 5.
GC survival probability
cluster D0 D05 D1 NFW
GC1 63.0 54.7 40.9 52.5
GC2 32.8 21.3 7.3 18.2
GC3 17.5 7.6 0.093 5.3
GC4 39.9 28.5 13.1 25.1
GC5 33.2 21.8 7.6 18.7
Column 1: name of the cluster. Column 2-5: probability (in per-
centage) for the cluster to survive up to its present age without
decaying to the Fornax center (see text).
Table 6.
Possible initial positions of the clusters
cluster D0 D05 D1 NFW
GC1 1.87± 0.05 1.93 ± 0.07 1.98± 0.09 1.86± 0.06
GC2 1.94± 0.14 2.10 ± 0.18 2.22± 0.23 1.92± 0.18
GC3 2.06± 0.22 2.30 ± 0.27 2.48± 0.34 2.03± 0.27
GC4 1.39± 0.15 1.55 ± 0.18 1.67± 0.23 1.36± 0.19
GC5 2.19± 0.13 2.33 ± 0.16 2.44± 0.21 2.17± 0.16
Column 1: cluster name. Column 2-5: initial galactocentric dis-
tances of the GCs in kpc, with error, obtained through equation
15 for the 4 Fornax models considered.
Equation 9 can be used also to argue the position of
the clusters at their birth, under the assumption that each
of them moved on an orbit of nearly constant eccentricity.
Indeed, in such a case the initial galactocentric distance,
r0, of a cluster whose age is τ and present galactocentric
distance rτ , can be obtained by isolating it in the equation:
τdf(r0)− τdf(rτ ) = τ. (14)
It is trivial to find the following explicit relation for r0:
r0 = rτ
(
τ
τdf(rτ )
+ 1
)0.57
. (15)
In the, crude, assumption that the observed projected po-
sitions are equal to the actual 3D distances to the Fornax
center (i.e. rGC = RGC), we show in Table 6 the value of r0
for all the GCs and all the models considered.
It is worth noting that all the clusters should have
formed within Fornax, unless their present observed pro-
jected galactocentric distances are much smaller than the
actual spatial position or their initial orbits were nearly ra-
dial.
3.2 Results of the N-body integrations
The results carried out in the previous section are based on
a semi-analytical treatment of the df process. Hence, they
do not account for two important factors:
• the effects of the tidal forces induced by Fornax on the
GCs, which may cause mass loss, thus delaying their orbital
decay;
• the effects of the tidal forces exerted by the MW field,
which may affect the dynamics of Fornax clusters.
A number of clues presented in several papers seem to
indicate that mass loss effects should be poorly efficient in
this kind of galaxies (Antonini 2013; Arca-Sedda & Capuzzo-
Dolcetta 2014b; Arca-Sedda et al. 2015), whereas it is still
unclear whether the background potential of the MW can
alter significantly the GC orbits.
Direct N-body simulations are a powerful tool to inves-
tigate such issues. However, to fully examine the first point,
we should, in principle, simulate the whole galaxy and all
its clusters, resolving them in single stars. This would re-
quire more than 108 particles, a number which exceeds the
computing resources available.
To achieve a good compromise between the quality of
galaxy representation and the computational load of our
simulations, we chose to represent the GCs as point-like ob-
jects while using more than 65k particles to sample Fornax.
Furthermore, we accounted for the MW potential as an ex-
ternal, analytical, field.
The initial conditions for the GCs motion are picked
such that their initial positions lie in the range rl − rt,
whereas their initial eccentricities are in the range 0 − 0.2.
This choice allows us to quantify the role of nearly circular
orbits in the determinination of the GCs survival probabil-
ity.
To investigate several sets of ICs for the clusters, we
performed, for each model, 10 simulations in which we took
into account the tidal field of the MW plus ten additional
simulations of an isolated Fornax model that we used as a
term of comparison.
At the end we gathered a total sample of 80 simulations.
Simulations have been carried out using the direct N-body
code HiGPUs (Capuzzo-Dolcetta et al. 2013). HiGPUs is a di-
rect summation, 6th order, Hermite integrator with block
time-steps, which runs on hybrid platforms containing or-
dinary central processing units (CPUs) and graphic process
units (GPUs), thus fully exploiting the advantages of paral-
lel computing .
The effect of the Galactic tidal field on the global struc-
ture of Fornax after 12 Gyr is evident in Fig. 3, which shows
a density map of the dSph galaxy along its orbit. During the
orbital evolution, several clumps are seen to form within the
tidal tails, in all the simulation performed. It is worth noting
that these clumps seem to survive for several Gyrs, having
surface densities that exceed 104 M⊙ kpc
−2 and sizes . 1
kpc. They follow and preceed the Fornax bulk at distances
between 10 and 30 kpc.
Moreover, the MW gravitational field has a dual role
on the GCs motion: i) it enhances the effect of dynamical
friction, leading to a faster orbital decay, ii) its gravitational
pull can steal GCs passing too close to the Fornax tidal
radius. The df enhancement is highlighted in Fig. 4, which
shows the GC final distances (after a Hubble time) from the
Fornax center in the case of presence (and abscence) of the
MW field for clusters GC3 in model D05 and GC4 in model
G1, respectively.
To highlight the differences between runs in which the
MW field is switched on and runs in which Fornax is consid-
ered an isolated system, we evaluated the ratio between the
GC radial positions averaged over the last 0.5 Gyr of evolu-
tion, in the two cases, named rMW and ris, respectively.
Comparing the values of rMW/ris for each Fornax model
and each cluster (which means 20 different cases), we found
c© 2015 RAS, MNRAS 000, 1–??
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Figure 3. Surface density map of Fornax up to 12 Gyr. Coloured scale refers to M⊙ kpc−2, whereas x and y coordinates are given in
kpc. It is evident the formation of two tidal tails which extend up to 150 kpc from the Fornax center, well detached from the spheroid
which constitute the bulk of the galaxy.
that the orbital decay is slighlty faster in the 60% of the
cases when the MW is considered, with decay times up to
∼ 15% smaller than in the isolated model. On the other
hand, in 35% of the runs the targeted clusters have a signif-
icantly larger averaged distance to the Fornax centre, thus
implying a longer decay time. This happens for those GCs
having initial distances to the Fornax center that exceed
relevantly the Fornax scale radius, thus enhancing the tidal
effect of the MW. In the remaining 5% of the cases, the
initial position of the GC is sufficiently close to the For-
nax tidal radius to be tidally captured by the MW. Table
7 summarizes the estimated values of rMW/ris. Due to the
relatively small sample considered, we can estimate the er-
ror as the semi-dispersion value of the rMW/ris sample. It is
evident how in few cases this error exceeds the mean value.
This is due to the fact that we included in the calculation
also the few cases in which the GC has been “stolen” by the
MW tidal field, which are the ones with the highest rMW/ris
value, thus dominating the error. Removing them from the
calculation leads, obviously, to smaller mean values and an
acceptable error. For instance, for model D05 and cluster
GC1, we have a global rMW/ris = 4.6± 5.6 if we include the
two cases in which the GC is tidally lost by Fornax, but it
reduces to 2.1± 1.3 if we remove them from the calculation.
Table 8 shows, for each model and each GC, the per-
centage of IC sets for which the GCs cannot reach distances
below 100 pc from the Fornax center after 12 Gyr, thus ac-
tually avoiding their full decay.
It should be noted that these results are based on a
subsample of ICs with respect to those used to obtain Table
5. Indeed, in this case we limited the IC selection both in
eccentricities and initial positions, as cited above, whereas
in the previous section we considered all the possible val-
ues of e and r < rt. Hence, the purpose of Table 8 is to
clarify whether a full N-body modelling of the galaxy and
Table 8.
GC survival probability for the N-body simulations performed
GC1 GC2 GC3 GC4 GC5 global
D0 100% 90% 80% 80% 50% 80%
D05 100% 80% 70% 70% 50% 74%
D1 100% 100% 50% 70% 60% 76%
NFW 100% 89% 67% 89% 78% 84%
Column 1: model name. Column 2-6: percentage of the simulated
ICs for which the GCs do not reach the Fornax center within a
Hubble time. Column 7: arithmetic mean of the values in any
row.
its clusters give results in agreement with the semi-analytic
approach, concerning the range of ICs in which the decay
should be avoided and taking into account the effect of the
MW.
It is worth noting that GCs decay is avoided in at least
50% of the cases in all the models studied.
Therefore, our results indicate that the Fornax timing
problem is easily solved if the GCs likely formed within
the galaxy on nearly circular orbits. These results are sig-
nificantly different from those obtained by several previous
works. For instance, Cole et al. (2012) stated that the puzzle
can be solved in two ways, as follows. If Fornax has a large
core, dynamical friction stalling can explain the present or-
bits of almost all the GCs, but in this case the structure of
the lightest cluster, GC1, should be severely affected by the
Fornax tidal forces, and should have formed with a mass un-
plausibly higher than its current value. On the other hand,
if Fornax has a shallow cusp, the timing problem is solved
if GCs formed outside the galaxy and accreted during their
motion. The difference between our and Cole et al. (2012)
results are partly due to the numerical approach used. In-
c© 2015 RAS, MNRAS 000, 1–??
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Table 7.
Values of the ratio rMW/ris
GC1 GC2 GC3 GC4 GC5
D0 0.92 ± 0.05 0.81± 0.19 1.21± 0.57 1.01± 0.24 0.67± 0.44
D05 4.6± 5.6 1.02± 1.15 1.20± 0.31 0.63± 0.13 0.95± 0.14
D1 0.89 ± 0.15 1.21± 0.34 1.79± 0.47 1.03± 0.06 1.7± 1.4
NFW 0.97 ± 0.09 1.42± 0.26 1.02± 0.21 1.12± 0.16 1.37± 0.20
Column 1: model name. Column 2-6: ratio of the GC final positions in the case in which MW is considered or not, rMW/ris.
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Figure 4. Time evolution of the radial distance from the Fornax
center for the cluster GC3 in model D05 (top panel) and for the
cluster GC4 in the model D1 (bottom panel). The straight red
line represents the case in which Fornax moves around the MW,
while the dotted black line represents the case in which Fornax is
considered as an isolated system.
deed, they used gyrfalcON, a fast tree-code (Dehnen 2000).
We used, instead, a direct N-body code, which would en-
sure a higher accuracy in representing the dynamical friction
process, which has been shown to be a phenomenon which
requires attention to be properly accounted for (Antonini &
Merritt 2012; Arca-Sedda & Capuzzo-Dolcetta 2014a; Petts
et al. 2015).
Moreover, in their work, Cole et al. (2012) assumed for
the Fornax tidal radius a value (1.8 kpc) significanlty smaller
than that (5 kpc) obtained through our Eq. 7 , which ac-
counts for the MW potential field according to the Allen
& Santillan (1991) model. Another difference between our
and Cole et al. (2012) results is that while in the Cole et al.
(2012) paper the authors found significant differences in the
results between cusped and cored models, our simulations
give very similar results, making difficult to get clues on the
Fornax actual mass distribution. This interesting disagree-
ment is likely due to the choice of the Fornax model. Indeed,
as shown in Fig. 1 our models are practically indistinguish-
able for r < 0.2 pc, whereas the Cole et al. (2012) shallow
models (named LC and WC in their paper) contain much
less mass than their steep models (named IC and SC). This
implies a significant reduction of the efficiency of df in shal-
lower models, which, in turn, makes easier the GCs survival.
Due to this, we tried to build models that are similar in the
inner core of Fornax, where df efficiency can increase signifi-
cantly, using the observational data to constrain the Fornax
outskirt.
As it was shown in Fig. 1, the mass distributions used
to model Fornax are quite similar but in the inner region.
Thus models D1 and NFW, which have steeper density pro-
files, are characterised by smaller densities out of the model
length scale. As pointed out above, in our N-body runs
we investigate nearly circular orbits with initial apocenters
greater than the Fornax length scale, thus not much sub-
jected to dynamical friction and, so, having a large survival
probability. As a consequence, in some cases the survival
probability for cored and cuspy systems is nearly the same.
For instance, in the case of GC4, the probability to survive
in a NFW profile is only 3% smaller than in a shallow den-
sity profile. In order to provide an estimate of which model
has the better “global” survival probability, we included in
Table 8 also the mean value of the probabilities for all the
GCs. Data in the table indicate that the GC survival prob-
ablities does not allow to discriminate between a cored or a
cuspy mass density profile for Fornax.
This makes very difficult to understand which is the
most favourable model for the Fornax density distribution.
Hence, our results indicate that a CDM-like density profile
cannot be completely excluded, unless the GCs do not move
on nearly radial orbits.
To highlight the similarities among the results in all
the cases considered, we show in Fig. 5 the evolution as a
function of time of the GC4 galactocentric distance in the
four models considered. The orbital decay process is very
similar.
4 DISCUSSION AND CONCLUSIONS
In this paper we revisited the so called “timing prob-
lem” for the stellar clusters in the Fornax dwarf spheroidal
galaxy. Using two complementary approaches, a simple semi-
analytic investigation of the dynamical friction decay times
and a more sophisticated and detailed series of numerical
c© 2015 RAS, MNRAS 000, 1–??
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Figure 5. Time evolution of the radial distance to the Fornax
center assuming the same set of ICs for GC4 in the four models
considered.
simulations for the clusters motion in Fornax as a satellite
of the Milky Way, we obtained results which can be summa-
rized as follows:
• we found that the missing orbital decay of the Fornax
GCs is compatible either with a shallow profile or a steep
cusp in the Fornax density profile. This means that a stan-
dard CDM density profile cannot be excluded;
• in the extreme hypothesis that the present 3D positions
of the GCs coincide with their projected positions, we found
that all the clusters should have formed within the Fornax
tidal radius, quite independently of the Fornax density pro-
file, even in the case of the most massive cluster (GC3);
• we investigated the gravitational effects induced by the
MW tidal field using a series of detailed N-body simulations
focused on nearly circular orbits. Our results show that in
the majority of the investigated cases (60%), the MW tidal
field shorten the decay time-scale, leading to its decrease of
a factor up to 15%;
• on the other hand, we have also found a significant frac-
tion of cases (35%) in which the MW acts against dynamical
friction, increasing the decay time, and a small fraction of
cases (5%) where the GC is tidally captured by the MW;
• the previous points highlight the importance of both
the MW tidal field and of the GCs ICs. Indeed, if the clus-
ters were born in an outer region of Fornax, the MW tidal
field tends to slow down their orbital decay but, on the other
hand, the MW makes the orbital decay faster for GCs ini-
tially moving on orbits within the Fornax scale-radius;
• the MW tidal field induces the formation of tidal tails
around Fornax, containing clumps whose surface densities
are about 10 times higher than the density of the surround-
ing tail;
• if the GCs move on nearly circular orbits, there is a
wide range of ICs for which they can survive up to a Hubble
time, even in the case of a steep Fornax density distribution,
thus providing a satisfactory solution to the timing problem
and making extremely hard to discern about the shape of
possible different mass distributions for Fornax.
In conclusion, this paper shows that the timing prob-
lem for the Fornax GCs can be solved even in the case that
Fornax has a steep density profile, unless the GCs started
moving, at their birth, on nearly radial orbits. Moreover,
we have demonstrated that the Galactic gravitational field
affects marginally the results, leading in general to shorter
decay times in dependence on the IC set. On the other hand,
we notice that in few cases, some GCs have been tidally cap-
tured by the MW. As a side effect, our results indicate that
a standard dark matter mass distribution cannot be com-
pletely excluded for Fornax on the base of its GC dynamics.
5 ACKNOWLEDGEMENTS
MAS acknowledge financial support from the University of
Rome “Sapienza” through the grant “52/2015” in the frame-
work of the research project “MEGaN: modelling the envi-
ronment of galactic nuclei”. The authors acknowledge the
anonymous referee, whose comments and suggestions helped
to improve the early version of this manuscript.
REFERENCES
Allen C., Santillan A., 1991, RMxAA, 22, 255
Amorisco N. C., Zavala J., de Boer T. J. L., 2014, ApJL, 782,
L39
Angus G. W., Diaferio A., 2009, MNRAS, 396, 887
Antonini F., 2013, ApJ, 763, 62
Antonini F., Merritt D., 2012, ApJ, 745, 83
Arca-Sedda M., Capuzzo-Dolcetta R., 2014a, ApJ, 785, 51
Arca-Sedda M., Capuzzo-Dolcetta R., 2014b, MNRAS, 444,
3738
Arca-Sedda M., Capuzzo-Dolcetta R., Antonini F., Seth A.,
2015, ApJ, 806, 220
Binney J., 1977, MNRAS, 181, 735
Buonanno R., Corsi C. E., Castellani M., Marconi G., Fusi Pecci
F., Zinn R., 1999, AJ, 118, 1671
Buonanno R., Corsi C. E., Zinn R., Pecci F. F., Hardy E.,
Suntzeff N. B., 1998, ApJL, 501, L33
Capuzzo-Dolcetta R., Spera M., Punzo D., 2013, Journal of
Computational Physics, 236, 580
Chandrasekhar S., 1943, ApJ, 97, 255
Cole D. R., Dehnen W., Read J. I., Wilkinson M. I., 2012, MN-
RAS, 426, 601
Coleman M., Da Costa G. S., Bland-Hawthorn J., Mart´ınez-
Delgado D., Freeman K. C., Malin D., 2004, AJ, 127, 832
Coleman M. G., Da Costa G. S., Bland-Hawthorn J., Freeman
K. C., 2005, AJ, 129, 1443
Cowsik R., Wagoner K., Berti E., Sircar A., 2009, ApJ, 699,
1389
Dehnen W., 2000, ApJL, 536, L39
Dinescu D. I., Keeney B. A., Majewski S. R., Girard T. M., 2004,
AJ, 128, 687
Flores R. A., Primack J. R., 1994, ApJL, 427, L1
Gilmore G., Wilkinson M. I., Wyse R. F. G., Kleyna J. T., Koch
A., Evans N. W., Grebel E. K., 2007, ApJ, 663, 948
Goerdt T., Moore B., Read J. I., Stadel J., Zemp M., 2006,
MNRAS, 368, 1073
Gualandris A., Merritt D., 2008, ApJ, 678, 780
Hernquist L., 1990, ApJ, 356, 359
Jardel J. R., Gebhardt K., 2012, ApJ, 746, 89
Larsen S. S., Strader J., Brodie J. P., 2012, AAP, 544, L14
Mackey A. D., Gilmore G. F., 2003, MNRAS, 340, 175
Mateo M. L., 1998, ARA& A, 36, 435
Milgrom M., 1983, ApJ, 270, 365
Miyamoto M., Nagai R., 1975, PASJ, 27, 533
Moore B., 1994, Nature, 370, 629
c© 2015 RAS, MNRAS 000, 1–??
The Fornax dSph mass distribution and its GCs 9
Navarro J. F., Frenk C. S., White S. D. M., 1996, ApJ, 462, 563
Oh K. S., Lin D. N. C., Richer H. B., 2000, ApJ, 531, 727
Olszewski E. W., Mateo M., Harris J., Walker M. G., Coleman
M. G., Da Costa G. S., 2006, AJ, 131, 912
Ostriker J. P., Binney J., Saha P., 1989, MNRAS, 241, 849
Pesce E., Capuzzo-Dolcetta R., Vietri M., 1992, MNRAS, 254,
466
Petts J. A., Gualandris A., Read J. I., 2015, MNRAS, 454, 3778
Plummer H. C., 1911, MNRAS, 71, 460
Pontzen A., Governato F., 2012, MNRAS, 421, 3464
Read J. I., Goerdt T., Moore B., Pontzen A. P., Stadel J., Lake
G., 2006, MNRAS, 373, 1451
Strigari L. E., Bullock J. S., Kaplinghat M., Kravtsov A. V.,
Gnedin O. Y., Abazajian K., Klypin A. A., 2006, ApJ, 652,
306
Tremaine S. D., 1976, ApJ, 203, 72
van den Bergh S., 1986, AJ, 91, 271
Walker M. G., Mateo M., Olszewski E. W., Pen˜arrubia J., Wyn
Evans N., Gilmore G., 2009, ApJ, 704, 1274
Walker M. G., Pen˜arrubia J., 2011, ApJ, 742, 20
Wolf J., Martinez G. D., Bullock J. S., Kaplinghat M., Geha M.,
Mun˜oz R. R., Simon J. D., Avedo F. F., 2010, MNRAS, 406,
1220
Yozin C., Bekki K., 2012, ApJL, 756, L18
Zhao H., 1996, MNRAS, 278, 488
c© 2015 RAS, MNRAS 000, 1–??
